Abstract-Methods for measuring or estimating ground shape by a laser range finder and a vision sensor (Exteroceptive sensors) have critical weaknesses in terms that these methods need a prior database built to distinguish acquired data as unique surface conditions for driving. Also, ground information by Exteroceptive sensors does not reflect the deflection of ground surface caused by the movement of UGVs. Therefore, this paper proposes a method of recognizing exact and precise ground shape using an Inertial Measurement Unit (IMU) as a proprioceptive sensor. In this paper, firstly this method recognizes the attitude of a robot in real-time using IMU and compensates attitude data of a robot with angle errors through analysis of vehicle dynamics. This method is verified by outdoor driving experiments of a real mobile robot.
I. INTRODUCTION
T is essential for Unmanned Ground Vehicles (UGV) to run autonomously on possible driving areas with the global path planning. Therefore, many researchers proposed various methods for determining the possible driving area with many types of information such as colored data and distance data from vision sensors and Laser Range Finder (LRF), respectively [1] , [2] . Additionally, there are many resources to build maps in 3-dimensionsincluding sensor fusion by vision sensor, LRF, GPS and IMU etc. [3] , [4] . A 3D world model is generally employed to plan a safe path for UGVs. If start and end points are given, UGVs can plan an optimized path regarding energy efficiency or maneuverability using an algorithm like 'Dynamic A*' [5] . Most research in non-contact recognition methods are based on recognizing surroundings which are far away from the robot. In other words, it recognizes the flection of terrain and distinguishes obstacles beforehand. However, it is not enough for UGV to assure driving stability. Since the vision sensor and the LRF cannot measure slip ratio, they do not reflect the sinkage of ground surface. Geological characteristics such as slip ratio and sinkage of ground surface are important variables to enhance the driving stability and efficiency of UGV. So, many researchers have already presented the various methods to Bongsoo Jeon is with the Mechatronics group of Chungnam National University, Daejeon, Korea (corresponding author to provide phone: +82-42-821-7783; fax: +82-42-823-4919; e-mail: bbs120@empas.com).
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classify geological characteristics and drive efficiently according to geological characteristics [6] - [14] . Thus, the data obtained from the laser sensor and image sensor may be defined as data of the prediction of the environment which the robot has not experienced directly. Depending on what information has been previously learned, the driving performance of autonomous robots is determined. Therefore, in order to improve the driving stability of the robot, it requires much more learned information. However on rough terrains, it is not easy to acquire environmental information because there are a lot of unpredictable environmental variables. Therefore even when building the database learned by considering the variables in all situations, it requires algorithms for enhancing abilities of recognition by acquired data.
On the other hand, empirical data may be defined as the data obtained near the body of the robot through actual driving of the robots. The empirical data has the environmental information of a smaller range than the data of the prediction, but its reliability is relatively high because that data is obtained from the substantial experience. In previous studies, it determined the geological characteristics of the prior region on the basis of data that has been learned in advance from the image sensor, and it updated the actual geological characteristics from the data of the vibration sensor attached to the wheels. On the basis of these studies it is possible to create a geological map of the preceding area. Likewise, the studies utilizing the contact-type sensor has been advanced as a matter purpose for determining the geological characteristics. Furthermore, the research for recognizing the ground shape is dependent on the image sensor and the laser range finder and its purpose is to increase the accuracy of the prior terrain recognition by fusing sensors [2] - [11] .
In this paper, we propose a method for recognizing the ground shape based on the data that is experienced through the IMU attached to the robot. To estimate the posture of the UGV in contact with the ground makes it possible to determine the driving stability of the UGV in real-time by recognizing the gradient of the ground. Thus, it drives along the path that has been planned in the 3D world model that is generated based on the data of the prediction, and it corrects in real time the shape information of the contact ground. Thereby, it makes possible the increased driving stability of the autonomous robot.
II. THE METHOD OF RECOGNITION TO CONTACTED TERRAIN

A. Compensation of Pitch angle Applying Robot Dynamics
In order to recognize a more accurate ground shape, it is necessary to get a correct angle by applying a kinetic analysis.
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The dynamic equation described in this paper was built based on the robot used in the experiment. Therefore, in order to compensate for the angle kinetic analysis is applied to suit each robot. The robot used in the experiment is a four-wheel drive robot with no steering device. So, it affects the IMU to include two noises. First, since there is no suspension system designed, generated vibration from driving is passed directly to the IMU, which can act as noise. Further, the spring damper system that acts on the tire should also be considered. The load difference that acted on the front wheels and the rear wheels occur between the angle of contact and the driving acceleration of the robot. If the robot drives on the road, such as a flat terrain in constant velocity, the acceleration is zero (a = 0). So, a load applied to the front wheels and the rear wheels is almost the same and the angle error due to the difference of the load is hardly generated. On the other hand, when the robot drives in accelerated motion and drives on downhill and uphill terrain, it makes a difference in the load of the front wheels and that of the rear wheels, resulting in the body of the robot becoming inclined. However, the IMU which is connected to the body of the robot is not able to distinguish the inclination due to the difference in load on each wheel. Therefore, it is necessary to remove by classifying the angular error in accordance to the load by applying a simple dynamic analysis to the angle data measured from the IMU. Fig. 1 The force acting on each wheel Fig. 1 is showing the forces acting on each part of the robot. Air resistance was excluded on the assumption that is not significantly affected. The moment on the basis of each wheel is expressed as (1) and (2) . First, in order to correct the angle error caused by the acceleration, it is assumed that the angle of the terrain is 0 degrees. And then, (3) and (4) can be summarized as a load applied to the wheels by (1) and (2) . Load value of each wheel (F zf , F zr ) which calculated in each sampling time can be calculated by the displacement value which the tire was pressed by substituting it in the F T (The force applied to the tire) of (5) . The angle data due to the difference of the displacement values between the front wheels and the rear wheels is defined as inertial angular error by the driving acceleration of the robot, and subtracted from actual data measured by the IMU. But, the thing to note here is finding value of the k that is the stiffness coefficient of the tire. The k must be considered both the deformation of non-linear and the deformation of linear. However, in this paper, assume that the stiffness will increase linearly in accordance to the pressure applied to the tire, and the changed stiffness coefficient depending on the load value that is obtained in the sampling time.
Second, the load applied to each wheel of the robot is influenced by not only the acceleration but also the angle of the terrain. Accordingly, the additional angle correction should be made in accordance with the angle of the shape of the ground. Therefore, remove the section that contains the acceleration of (1) and (2), and express the load corresponding to the angle of the terrain by (6) and (7). The load value obtained is calculated with the displacement values of the tire that was pressed by substituting in the F T of (5). So, the angle error by differences of displacement values of the tire that obtained in this process, are defined as the angle error that correspond to terrain angle, and subtracted from the data after 1 st angle correction process. 
B. The Method of Ground Shape Recognition
In order to recognize the ground shape by using the data from experience, the absolute speed of the robot and the angle data where the robot is in contact with the ground is required. The angle data is used, estimating the height and bend of the ground, and the absolute speed data is used to estimate the moving distance and the moving direction of the robot. First, the angle data outputted from the IMU is data that is outputted on the basis of the body of the robot. Therefore, in order to display the angle data in real time at the global coordinate, it is necessary to transform the coordinate using the rotation matrix. If the angle data is multiplied with one of the Euler's rotation matrix (represented by 'Yaw-Pitch-Roll'), it can be converted to The value of espectively inp xperiment to c ynamic compe ROBOT SYSTE IMENTAL PLAC system, the r our-wheel driv 9 × 65 × 32cm U is attached d the sensor is available with bout 2m/s. It h absolute spee are no motors ncoder. Thus, e absolute spe is based on t ata that is out he entire syste ng time of for y considering put from the s the data of m ay the movem oordinates, wh es the rotation e center coord ption that it has n obtained fr eriment is pro there is no mo as been assign alculated by d acement in the the absolute v otenuse angle e dynamic ana ). Because it he θ, it did not 2. In the Case Fig.7 is displa e driving spe nter coordinat y (8), it made t ith the ground curately in ac ut it could be gorithm. Fig. 8 is the compared results of the data obtained by driving at the speed of 0.5m/s and 1m/s in the uphill terrain. The value of the height that is calculated before applying angle correction of the whole, appears greater than the height of the actual terrain, it can expected to be the result which is the angle error due to the driving acceleration and the slope of the terrain. Thus, calculating each error and subtracting it from the angle values measured from IMU, it is then possible to recognize the ground shape from contact with the ground through (8) . Fig. 8 , the analysis results of the data obtained by driving at the speed of 0.5 m/s, shows that the value of height was 31.78cm before compensation, but it calculated 26.39cm by applying the compensation, which is closer to the terrain's actual height. As a result of analyzing more than 30-sampled data was approximately 0.5 in error on average less than the height of the actual terrain. On the other hand, the data obtained by driving at the speed of 1m/s has an error of about 3cm though applying the algorithm to compensate for the angle. The reason was determined that, the characteristic of the uphill terrain has more roughness than the reference structures. 3. In Case of Bump Terrain Fig. 10 is the compared results of the experiment data on the bump terrain. The estimated shape of the ground using the data obtained by driving at the speed of 0.5m/s was relatively accurate as a result of the uphill terrain. However, Fig. 9 shows the data obtained by driving at the speed of 1m/s, but estimating the shape of the ground was difficult. In fact, when driving at the speed of 1m/s the robot jumped from the ground. At that moment, the obtained angle could not be used as data for recognition of the ground shape, and an additional disturbance occurred, caused by secondary impact. Therefore, it was difficult to recognize the contacted ground using the method of compensation of the angle proposed in this paper when the robot jumped from the ground. 
B. Review of the Experimental Results
The results of experiments on outdoor terrain, uphill terrain and bump terrain based on the results of experiments of the reference terrain structure shows generally very similar information to actual terrain at low speed, since the disturbance is low. However, the faster the speed, the more difficult it is to recognize the ground shape. This is because of the noise is increasing proportional to the speed, as well as the dynamical variables that cannot be predicted.
V. CONCLUSION
This study is the basis research to compensate the 3D world model made from the data by image sensors and LRF, and its purpose is updating the accurate information of the ground shape. If the robot is driving at low speeds it could confirm that recognizing the ground shape accurately by applying that proposed angle compensation algorithm. However, the dynamical structure of the robot that will be applied in this system does not match with the other, and the recognition error is greater according to the speed. In particular, the speed increases, and there are many unpredictable variables to compensate for the kinetic equation which is difficult to establish. Thus, there is almost no impact on the speed and no effect on the dynamical structure of different robots which aim to develop algorithms.
